The social amoeba Dictyostelium discoideum is a tractable model organism to study cellular allorecognition, which is the ability of a cell to distinguish itself and its genetically similar relatives from more distantly related organisms. Cellular allorecognition is ubiquitous across the tree of life and affects many biological processes. Depending on the biological context, these versatile systems operate both within and between individual organisms, and both promote and constrain functional heterogeneity. Some of the most notable allorecognition systems mediate neural self-avoidance in flies and adaptive immunity in vertebrates. D. discoideum's allorecognition system shares several structures and functions with other allorecognition systems. Structurally, its key regulators reside at a single genomic locus that encodes two highly polymorphic proteins, a transmembrane ligand called TgrC1 and its receptor TgrB1. These proteins exhibit isoform-specific, heterophilic binding across cells. Functionally, this interaction determines the extent to which co-developing D. discoideum strains co-aggregate or segregate during the aggregation phase of multicellular development. The allorecognition system thus affects both development and social evolution, as available evidence suggests that the threat of developmental cheating represents a primary selective force acting on it. Other significant characteristics that may inform the study of allorecognition in general include that D. discoideum's allorecognition system is a continuous and inclusive trait, it is pleiotropic, and it is temporally regulated.
or otherwise-to distinguish between self and non-self that are a necessary feature of all allorecognition systems. For example, an allorecognition system that promotes functional heterogeneity might physically bring together genetically heterogeneous individuals or groups as a means to accomplish a biological process, while a system that constrains functional heterogeneity might prevent individuals or groups from interacting during an analogous process.
Allorecognition in prokaryotes
Individual unicellular bacteria widely exhibit intra-individual allorecognition that promotes functional heterogeneity in their immune defenses against bacteriophages, both innately with restriction enzymes and adaptively with CRISPR/Cas systems (Seed 2015; Hille et al., 2018) . Many unicellular bacteria also distinguish between themselves at intra-and inter-species levels in both competitive and cooperative interactions (Strassman et al., 2011) .
An example of inter-individual allorecognition that constrains functional heterogeneity in a prokaryote occurs in Proteus mirabilis, which causes kidney stones in humans. These bacteria rely on cellcell contact and cooperative motility to mediate rapid movement across surfaces in a behavior called swarming. When isogenic P. mirabilis colonies meet, they fuse and swarm together; whereas when non-isogenic colonies meet, they form visible boundaries. The mechanism that underlies this selective cooperative motility involves a pair of polymorphic genes of the ids family that are tightly linked on the bacterial chromosome. The analogous locus in D. discoideum called tgr is similarly a pair of tightly linked, highly polymorphic genes. The protein products of the ids genes are transferred between bacteria, and cause swarming only in compatible cells (Cardarelli et al., 2015; Saak and Gibbs 2016) .
The facultatively multicellular gram-negative prokaryote Myxococcus xanthus exhibits inter-individual allorecognition that constrains functional heterogeneity in a developmental response to starvation, similar to that of Dictyostelium amoebae. These similarities include the formation of terminal fruiting bodies, cell differentiation into spores and auxiliary cell types, the natural occurrence of obligate cheaters that disproportionately contribute to spores when codeveloped with other strains, and the use of allorecognition to influence whether strains fruit together or separately. A function of the allorecognition system in M. xanthus that is distinct from allorecognition in Dictyostelium is to maintain separation between growing colonies of different allotypes that may contact each other during vegetative growth. This phenomenon is called colony-merger incompatibility. One potential regulator of M. xanthus allorecognition is traA. This gene encodes an outer membrane protein that mediates outer membrane exchange (OME), a process in which M. xanthus bacteria exchange outer membrane lipids and associated proteins. TraA has a hypervariable domain that confers a unique allotype to each M. xanthus strain, and OME occurs only between strains with matching allotypes. While the TraA allotypes of mixed strains do influence coordinated motility and immunity from interstrain killing (Pathak et al., 2013) , they do not predict colony-merger incompatibilities (Wielgoss et al., 2018) . This observation suggests that additional signaling mechanisms exist to mediate M. xanthus allorecognition (Bretl and Kirby 2016).
Allorecognition in eukaryotes
One example of inter-individual allorecognition that constrains functional heterogeneity in a unicellular eukaryote is the process of flocculation in the yeast Saccharomyces cerevisiae. Flocculation is a cell-aggregation process that protects against environmental insults such as antimicrobials. The gene that mediates this form of cell-cell adhesion is called flo1. A given yeast cell can effectively adhere to other flocculating cells only if it expresses FLO1. This selective adherence prevents cells that do not express flo1 from receiving the protective benefit of grouping together. flo1 thus represents an example of a green-beard gene, which is a gene that can recognize copies of itself in conspecifics and selectively confer benefit to them (Smukalla et al., 2008; Dawkins 1976) . There have been two green-beard loci described in Dictyostelium. Queller et al. characterized a green-beard gene in D. discoideum called csaA , however it is not polymorphic and there is no evidence to suggest that it is involved in allorecognition. In contrast, Gruenheit et al. recently described the tgr locus, a central regulator of D. discoideum allorecognition, as a polymorphic green-beard (Gruenheit et al., 2017) . We will review their findings in depth later in this review.
Obligate multicellular eukaryotes have provided a bevy of examples of allorecognition systems that underlie an incredible diversity of biological processes. An example of an inter-individual allorecognition system that constrains functional heterogeneity in a multicellular eukaryote is found in the colonial ascidian Botryllus schlosseri. A founding organism of this sea squirt asexually buds to generate a colony that comprises additional genetically identical individuals that share an extracorporeal vascular system. Allorecognition with other colonies occurs when two colonies' extracorporeal vascular systems make contact. If the colonies are compatible, their vascular systems fuse; if they are incompatible, the interacting structures are destroyed and replaced with a scar. The proposed function of this allorecognition system is to protect individuals against germ cell parasitism, a process in which germ cells from one colony migrate through fused common vasculature into other colonies and compete with their germ cells for germline niches. A single genomic locus called fuhc (fusion/histocompatibility), which contains multiple genes implicated in allorecognition, is responsible for these outcomes. Specifically, colonies that share one or both fuhc haplotypes fuse, whereas those that share none reject (Taketa and De Tomaso 2014).
A second inter-individual allorecognition system that constrains functional heterogeneity in a multicellular eukaryote is found in the cnidarian Hydractinia symbiolongicarpus. Like B. schlosseri, when two colonies of this saltwater invertebrate make contact, they engage in a fusion/rejection interaction. Also like in B. schlosseri, the avoidance of germ cell parasitism may be the selective pressure that shapes H. symbiolongicarpus allorecognition. The genetic determinants of allorecognition in H. symbiolongicarpus are two tightly linked and highly polymorphic genes called Alr1 and Alr2 (Nicotra et al., 2009) . These genes encode transmembrane proteins with multiple extracellular immunoglobin superfamily-like domains. ALR1 and ALR2 both exhibit isoform-specific, homophilic binding in trans (Karadge et al., 2015) . This type of protein interaction is similar to that of the central regulators of allorecognition in D. discoideum, TgrB1 and TgrC1 (Nicotra et al., 2017; Hirose et al., 2017) .
Vertebrate adaptive immunity is the best-studied example of allorecognition. In different contexts, this allorecognition systems operates both intra-and inter-individually, and to both promote and constrain functional heterogeneity. Within individuals, to generate the functional molecular heterogeneity required to recognize a vast amount of pathogen-and cancerous cell-derived peptides, the targeted and actively mutagenic process of V(D)J recombination occurs in the genes that encode T cell receptors (TCRs) and B cell receptors (BCRs) during the early development of their respective cell types. In the case of TCRs, V(D)J recombination can generate about 3×10 11 unique receptors with binding specificities for distinct ligands. These ligands comprise peptides bound to transmembrane MHC proteins, which facilitate their presentation to TCRs. In this way, MHC-bound peptide ligands report the presence of extracellular pathogens as well as viral-and cancer-associated peptides within cells (Abbas 2015) . Pathogen diversity has likely provided strong selection that has acted on the MHC locus and resulted in its high degree of polymorphism (Meyer et al., 2018) . An unfortunate modern consequence of this allorecognition system is transplant rejection (Marino et al., 2016) . However, rejection may be adaptive in that it can prevent transmission of cancerous cells between individuals. Such transmission is occurring between Tasmanian devils in the form of bites that transmit MHC-deficient oral cancer cells (Rock et al., 2019; Siddle et al., 2013) . Cancerous cells and pathogens have correspondingly evolved many mechanisms to disrupt antigen processing and presentation and avoid immune recognition (Rock et al., 2019; Reeves and James 2016; Schuren et al., 2016) . Medically, the field of cancer immunotherapy is founded on modulation of these pathways, and many of the advances in cell-based therapies are possible because of basic biological knowledge about the underlying mechanisms of this allorecognition system (Johnson and June 2017). We anticipate that insights from D. discoideum and other model organisms will inform future lines of inquiry to uncover common structures and functions in this clinically relevant allorecognition system.
Vertebrate adaptive immunity as an allorecognition system acts in two additional ways. First, it operates within individuals to constrain functional heterogeneity. In the case of T cells, the process of positive selection ensures that TCRs can effectively bind to MHC, and the process of negative selection prevents autoimmunity by eliminating clones of T cells that bind to MHC-presented self-antigens (Abbas et al., 2015; Takaba and Takayanagi 2017) . Second, it operates between individuals to promote heterogeneity by influencing mate choice. Researchers have clearly demonstrated this phenomenon in mice, but its relevance in modern human society remains controversial (Yamazaki and Beauchamp 2007) . These additional functions of vertebrate adaptive immunity underscore that multiple evolutionary processes may often coopt allorecognition machinery.
Another example of multicellular eukaryotic allorecognition occurs in the processes of neuronal self-avoidance and circuit assembly. Neuronal self-avoidance is the process by which a given neuron's branches avoid synapsing on that same neuron's cell body, thus avoiding 'short circuits'. This process is necessary for proper neuronal wiring, likely because it ensures that dendritic territories are covered completely and non-redundantly (Hattori et al., 2007) . This system operates within individuals and promotes functional heterogeneity. The locus that encodes the key components of this system in the fruit fly Drosophila melanogaster is called Dscam1. Through a series of mutually exclusive alternative splicing events at four exon clusters, this single locus can encode over 10,000 unique transmembrane protein isoforms that exhibit isoform-specific homophilic binding. Individual cells stochastically express several Dscam isoforms at a given time, and certain neuronal subtypes express particular groups of isotypes at higher rates than others (Neves et al., 2004) . Dscam1-null mutants exhibit a complete lack of dendrite self-avoidance. Reintroduction of a single Dscam1 isoform can restore self-avoidance, but these neurons' dendrites cannot share the same territory, which results in defects in neural circuits (Hattori et al., 2007) . As the potential number of isoforms increases, so too does the functionality of the neural circuits (Hattori et al., 2009 ). An analogous allorecognition system featuring similarly homophilic transmembrane proteins called atypical cadherins and clustered protocadherins exists in vertebrates to mediate neuronal self-avoidance and other aspects of neural patterning. The mecha-nism of generating isotype diversity in clustered protocadherins differs from the mutually exclusive alternative splicing of Dscam1. Instead, variable CTCF/cohesin-mediated DNA looping determines the topological association of transcriptional enhancers with subsets of alternative clustered protocadherin promoters, and these associations drive expression of particular isotypes in individual neurons (Jin and Li 2019; Lefebvre 2017; Mountoufaris et al., 2018) . Neuronal self-avoidance requires a functional relationship between allorecognition and chemotactic systems, but this link is not fully understood. The D. discoideum allorecognition system shares this relationship with the organism's well-characterized and highly conserved chemotactic system. Insights from D. discoideum may thus guide the study of this relationship in other organisms.
Dictyostelium development provides an example of interindividual allorecognition that constrains functional heterogeneity in a eukaryotic, facultatively multicellular amoeba. We will describe this system in depth in the remainder of this review, after discussing several general conclusions from this comparative analysis of cellular allorecognition.
Shared structures and functions in cellular allorecognition systems
Allorecognition is ubiquitous but it has evolved independently in many different ways in response to different evolutionary pressures. Nevertheless, the different systems share some striking similarities. In terms of structure, often the underlying genetic diversity is expressed in the form of transmembrane proteins that exhibit isoform-specific binding, although the ids locus of P. mirabilis is a notable exception. In terms of function, many of the allorecognition systems mediate their effects through modified cell-cell adhesion and/or motility. In more direct comparisons, there are numerous examples of convergent evolution-fruiting body formation in Myxococcus and Dictyostelium, adaptive immunity in both prokaryotes and vertebrates, fusion/rejection responses in Botryllus and Hydractinia, neural self-avoidance mediated by Dscam1 in flies and clustered protocadherins in vertebrates, and multiple forms of plant self-incompatibility systems (Fujii et al., 2016) . This frequency of convergent evolution shows the outsized evolutionary advantages that allorecognition systems confer to organisms. It also suggests that allorecognition systems in tractable model organisms and humans may share many basic structures and functions. That these systems underlie such fundamental elements of human health as immunity, cancer, and proper neural function further argues for their translational relevance.
Unfortunately, there are few truly tractable model organisms to study cellular allorecognition. Molecular and genetic characterization of many of the examples provided above is incomplete and often hampered by difficulties developing ready methods for transgenesis and screening. Moreover, in many of these systems, it is difficult to comprehensively link functions to fitness outcomes within appropriate ecological contexts. In contrast, Dictyostelium is readily amenable to genetic manipulation and screening to interrogate its allorecognition system (Kibler et al., 2003; Li et al., 2015) . Additionally, our understanding of the ecological context in which allorecognition occurs is relatively well-informed (Tarnita 2017). We will now detail our current understanding of Dictyostelium's allorecognition system and its roles in social evolution and development. We will first introduce D. discoideum's developmental cheating phenotype because one function of D. discoideum's allorecognition system is probably to defend against cheating strains (Ho et al., 2013) . Another important feature of the Dictyostelium allorecognition system to establish before we discuss this phenotype is that it does not lead to the exclusive, discrete outcomes of strain coordination or segregation during development. Instead, varying degrees of coordination and segregation are possible, indicating that Dictyostelium allorecognition is a continuous trait (Ostrowski et al., 2008; Gruenheit et al., 2017) .
Developmental cheating in Dictyostelium is a model of cellular social evolution
The first potential report of allorecognition in Dictyostelium came from Leo Buss in 1982. Buss isolated Dictyostelium mucoroides from soil samples and found several chimeric fruiting bodies, i.e. fruiting bodies that contained spores from more than one strain. He isolated one strain that exhibited normal fruiting body morphology, and a second strain he called "stalkless" that produced balls of spores, but no stalks. He mixed these two strains at varying proportions, developed them, and repeated this process for ten generations. He found that when the stalkless mutant was rare in the starting mix, it could increase to a fixed equilibrium proportion of ~5% of the spore population within several generations. When the stalkless mutant comprised more than this equilibrium value in the initial mix, it rapidly eliminated the normal-looking cells. Because of these results, Buss called the stalkless strain a somatic cell parasite. He isolated ten additional strains from nearby soil that were not morphologically chimeric, then mixed and developed the stalkless strain at equal proportion with each. In all cases, he found no chimeric fruiting bodies, which implies that the strains possess a property he called a somatic cell compatibility system to defend against somatic cell parasitism (Buss 1982). However, he did not determine whether the strains co-aggregated and then segregated, or simply failed to co-aggregate. Unfortunately, these strains were lost so this important distinction remains unknown. Regardless, although the terms used to describe these phenomena in Dictyostelium have since changed from 'somatic cell incompatibility system' to 'allorecognition system' and from 'somatic cell parasitism' to 'cheating', this single study laid much of the foundation of allorecognition research in Dictyostelium.
The next steps towards establishing Dictyostelium as a model organism for cellular social evolution were published some 18 years later. Strassman et al. generalized and expanded upon Buss's discoveries using the better-studied and more genetically tractable species Dictyostelium discoideum. They used genotyping by PCR of microsatellite loci to demonstrate that fifteen pairwise mixes of naturally isolated D. discoideum clones formed chimeric slugs. In half of the chimeric slugs that they tested, one strain contributed more than expected to the prespore population. In terms of the size of this effect, the overrepresented strains' relative contributions to the prespore population were about 10-50% greater than expected. The authors suggested that competition exists between strains at the level of their relative contributions to the spore population (Strassman et al., 2000) .
Ennis et al. provided the first evidence that this developmental cheating phenotype is genetically encoded. The authors performed a genetic screen using restriction enzyme-mediated integration (REMI) mutagenesis, from which they isolated a mutant called CheaterA (chtA -, a.k.a. fbxA -). This mutant is an obligate cheater in that it preferentially forms spores when developed in chimerae, but does not complete development in a pure population (Ennis et al., 2000) . Because this screen yielded only one strain, it was possible that the genetic potential for cheating in Dictyostelium was rather limited. Santorelli et al. refuted that possibility when they expanded the discovery into facultative cheating, in which the cheating strains contribute disproportionately to the spore mass in chimeras, but can also complete clonal development. The authors isolated facultatively cheating strains from another REMI screen and found that they contained mutations in over 100 genes with collectively diverse functions (Santorelli et al., 2009 ). This study showed that facultative cheating is not limited genetically and that the pathways involved in cheating are quite variable. Khare and Shaulsky demonstrated that the cheating mechanism of one of these REMI mutants called cheaterC (chtC -) involves a defect in maintaining the prestalk cell fate late in development (Khare and Shaulsky 2010). Santorelli et al. discovered another cheating mechanism that acts through inhibition of the prespore fate in wild-type cells by characterizing a second REMI mutant called cheaterB (chtB -) (Santorelli et al., 2013) . However, most of the cheating mechanisms remain unknown.
The Strassman-Queller lab followed up their previous study, addressing a limitation of Buss's work, by systematically testing whether D. discoideum forms chimeric slugs in nature. They answered this question by isolating amoebae from very small soil samples. They mixed and developed pairs of clones that cooccurred in the same small soil samples, genotyped them during slug phase, and found that both clones were present in each of the slugs. This finding suggests that in slug phase, chimera formation, and by extension the threat of developmental cheating, is likely common in nature (Fortunato et al., 2003) . This result substantiated Buss's original hypothesis that the function of the allorecognition system is to protect potential victims from cheating strains that they encounter frequently in nature.
The Strassman-Queller lab went on to analyze the extent of developmental chimerism in D. discoideum. In 2007, they published results on genotyping of individual fruiting bodies that they isolated from deer dung in nature. They found that 77% of 88 individual fruiting bodies consisted of a single clone. They demonstrated that such high relatedness can protect potential victims in and of itself in the specific case of cheating by fbxA - (Gilbert et al., 2007) . This study highlights the importance of two parameters with respect to Dictyostelium allorecognition: the developmental stage and the ecological context in which we assess chimerism and cheating. Through mechanistic studies that we will discuss shortly and ecological studies (Flowers et al., 2010; Douglas et al., 2011) , respectively, the field as a whole has begun to clarify the influences of these two parameters. However, the relative prevalence and evolutionary significance of intraspecific interactions in soil as opposed to more contained, nutrient-rich environs like dung, remain unclear.
Ostrowski et al. published another critical piece of evidence for the presence of an allorecognition system in D. discoideum (Ostrowski et al., 2008) . They grew cells from different strains separately, mixed them in pairs, then developed them under standard laboratory conditions. They found that D. discoideum isolates obtained from different locations co-aggregate and then partially segregate. Moreover, the extent of this segregation correlates positively with the genetic distance between pairs; close relatives tend to remain co-aggregated whereas genetically distant clones segregate from one another. The genetic distance between the strains was evaluated by microsatellite analysis, as in Strassmann et al., 2000. 
The mechanism of Dictyostelium allorecognition
While Dictyostelium became a model organism for cellular social evolution, researchers concurrently and unwittingly explored an aspect of the biochemistry of the allorecognition system as early as 1976. One of these studies explored the function of the plasma membrane glycoprotein gp150, which was described originally as a cell-cell adhesion protein. It took nearly 25 years to identify that the gene lagC (for loose aggregate C, Dynes et al., 1994) encodes gp150 (Wang et al., 2000) , and another 10 years to connect this gene to the allorecognition system (Benabentos et al., 2009; Hirose et al., 2010) , at which point it was renamed tgrC1 (tigerC1, abbreviated transmembrane, IPT (Ig-like, plexins, transcription factors), IG (immunoglobulin), E-set (early set; a subset of Ig domains), repeat protein C1) to reflect its protein domain structure and identity as a member of the larger tiger gene family.
Biochemical and developmental characterization of gp150
The Lerner lab performed the initial characterization of gp150. Geltosky et al. identified this glycoprotein in D. discoideum plasma membrane samples and found that its levels increase dramatically between 6 and 18 hours of development. They purified the protein, raised antibodies against it, and demonstrated that these anti-gp150 antibodies inhibit reaggregation of dissociated postaggregative cells (Geltosky et al., 1976) . They also used electron microscopy to reveal the cellular localization of gp150, which resides at the plasma membrane and is associated with cell-cell contacts (Geltosky et al., 1980) . Several additional studies from the Lerner and Siu labs further characterized the anti-gp150 antibodies' inhibition of reaggregation in postaggregative cells. Lam et al. demonstrated that prespore cells are more sensitive than prestalk cells to dissociation using anti-gp150 antibodies. They concluded that this phenomenon is due to differential expression of gp150 in these two cell types (Lam et al., 1981) . Siu et al. found that treatment with these antibodies also inhibited prestalk/prespore cell sorting into distinct compartments in cells attempting to reaggregate (Siu et al., 1983) . Gao et al. discovered that addition of purified gp150 itself to dissociated postaggregative cells also inhibits reaggregation. The authors also found that binding of gp150 to cells is dose-dependent, saturable, and abolished with protease treatment of gp150. These observations suggest that specific binding sites are present on cells, and that intact protein domains are necessary for binding (Gao et al., 1992) . The collective results of these studies provided a detailed biochemical characterization of gp150 that continues to guide cell biological and genetic approaches to understand the allorecognition system.
Genetic and developmental characterization of lagC which encodes gp150
Dynes et al. published the initial genetic characterization of the gene lagC in 1994. The authors isolated the lagCstrain from a REMI screen for developmental mutants. They found that lagC mRNA is absent during vegetative growth and 4 hours of development, peaks at 8 hours, and persists through terminal development. Transcriptomic analysis of D. discoideum development has validated these results (Rosengarten et al., 2015; Fig. 1B) . Consistent with these expression data, the developmental phenotype of the lagCstrain includes loose aggregate arrest, in which cells undergo multiple rounds of aggregation and disaggregation. When developed as a pure population, the lagCcells form virtually no spores by 72 hours post-starvation, and demonstrate aberrant or absent expression of cell-type specific markers. Expression of these differentiation markers is partially restored in chimeric development with wild-type cells. However, lagCcells still form very few spores in chimerae. Ectopic overexpression of lagC results in a developmental delay at the tight aggregate stage (Dynes et al., 1994) .
Sukumaran et al. followed up on this initial characterization by investigating the morphology of lagCmounds and the epistatic relationship between lagC and gbfA. This latter gene is a transcription factor and regulator of post-aggregative and cell-type-specific gene expression (Schnizler et al., 1994) . The impetus for this study was the observation that gbfAcells, like lagCcells, arrest at the loose aggregate stage, and feature rounds of aggregation, disaggregation, and reaggregation. The authors found that lagCmounds do not rotate like wild-type mounds. However, when the authors overexpressed gbfA in this lagCbackground, the cells formed morphologically normal mounds and completed development (Sukumaran et al., 1998) .
Wang et al. performed mass spectrometry of gp150 and identified lagC as the gene that encodes this protein. They showed that gp150 is responsible for EDTA-resistant cell-cell adhesion during aggregation. Because cells that overexpress gp150 during early development do not exhibit this EDTA-resistant cell-cell adhesion, they concluded that gp150 binds heterophilically to another component that is first expressed during aggregation (Wang et al., 2000) .
Kibler et al. designed a genetic screen to isolate developmental mutants that sporulate when developed chimerically, but fail to sporulate when developed in a pure population. One of the strains that they identified possessed a null allele of lagC. When they performed pairwise mixing and development of lagCcells with each of the other mutants isolated from the screen, they found that the lagCcells could sporulate with all except for two mutants, which harbored null alleles of the genes lagD or comC. This finding suggested that these three genes are part of one developmental pathway. Accordingly, they investigated the epistatic relationships between the three genes and generated a model in which comC and lagD participate in the transcriptional regulation of lagC (Kibler et al., 2003) .
Iranfar et al. provided additional epistatic details about the regulation of lagC expression. They validated that gbfAand lagCcells do not express a post-aggregative gene set, and that gbfA expression is necessary for lagC expression. Additionally, they generated a gbfA -, lagC-overexpressing strain, which also did not express the post-aggregative gene set. Based on these observations and the previous finding that lagC-overexpressing cells with intact gbfA exhibit developmental delay at the mound stage (Dynes et al., 1994) , they concluded that gbfA and lagC form a feed-forward loop that integrates temporal signaling associated with gbfA expression and cell-cell contact signaling associated with lagC to drive the synchronous expression of post-aggregative genes (Iranfar et al., 2006) . tgrB1 and tgrC1 (a.k.a. lagB1 and lagC1) 
mediate D. discoideum allorecognition
Benabentos et al. discovered that lagC, which was renamed lagC1, and a second gene called lagB1, are highly polymorphic and likely under balancing selection in wild isolates (Benabentos et al., 2009) . lagB1 is located immediately next to lagC1 in a head-tohead configuration on Chromosome 3 and the two genes share a promoter region. Based on protein structural prediction algorithms, lagB1's protein domains and their structure are somewhat similar to those of lagC1. Specifically, both genes have predicted singlepass transmembrane domains and possess multiple extracellular immunoglobulin-like domains (Fig. 1A) . However, the cytoplasmic tail of lagB1 is longer than that of lagC1. That these genes are so tightly linked and polymorphic in and of itself suggested that they may function in allorecognition, as illustrated by convergent evolution of similar loci in other organisms, such as the ids genes in Proteus (Cardarelli et al., 2015) , fuhc in Botryllus (Taketa and De Tomaso 2015), and Alr1 and Alr2 in Hydractinia (Nicotra et al., 2009) . Benabentos et al. proposed that balancing selection at this locus may have yielded the requisite genetic heterogeneity for kin discrimination to arise. They generated lagB1cells and showed that, similar to lagC1cells, the mutant cells exhibited arrested development as loose aggregates. Notably, this arrest in lagB1cells is slightly less penetrant than that of lagC1 -, as rare mounds can form small fruiting bodies that contain viable spores. They mixed fluorescently labeled lagB1or lagC1cells with wildtype AX4 cells and saw the strains segregate into areas enriched for each strain during mound formation. They excluded the possibility that segregation is a general property of cell-cell adhesion deficiency when they observed no segregation between pairwise mixes of AX4 cells and strains possessing a null allele of csaA or cadA, which encode separate cell-cell adhesion genes (Noegel et al., 1985; Wong and Siu 1986; Queller et al., 2003; Wong et al., 2002; Siu et al., 2004) . Lastly, they found that particular stretches of amino acids in LagB1 and LagC1, near the first extracellular Igfold, predicted strain segregation patterns in the wild strains QS32, QS33, and QS38 (Benabentos et al., 2009 ), suggesting that the initial observation (Ostrowski et al., 2008) about the relationship between relatedness and segregation could be fully explained by differences in the LagB1 and LagC1 protein sequences.
Hirose et al. built on these findings to provide evidence that the again renamed tgrC1 and tgrB1 genes are necessary and sufficient to mediate attractive allorecognition between D. discoideum strains. Fig. 1. tgr-mediated allorecognition from DNA to segregation during development. tgrB1 and tgrC1 reside on Chromosome 3 in a head-tohead configuration, and possess multiple IPT (Ig-like, plexins, transcription factors) domains (A). Their developmental mRNA expression patterns are quite similar, likely due to their shared promoter. RPKM: Reads Per Kilobase of transcript, per Million mapped reads, a unit of transcript expression that is normalized by transcript size (Stajdohar et al., 2015) (B) . If two fluorescently labeled strains with different tgr allotypes are mixed equally (red and green dots on the left), they segregate beginning around 8 hours of development, as seen in the segregated green and red arms of the rotating mound (Hirose et al., 2010) . Importantly, segregation between strains is incomplete as illustrated in the slugs and fruiting body stages, right, in which a few incompatible cells are integrated into the largely homogeneous multicellular structures (Fortunato et al., 2003; Ostrowski et al., 2008; Ho and Shaulsky 2015) (C). The transmembrane TgrB1 receptor (cyan) and TgrC1 ligand (magenta) bind heterophilically between cells (Chen et al., 2013 , Chen et al., 2014 . They mediate primarily head-to-tail adhesive interactions between TgrC1 at the tail of a leading cell and TgrB1 at the front of a following cell (Fujimori et al., 2019) . These interactions result in SCAR complex (purple) recruitment and dendritic actin formation (red) at the front of the following cell (Fujimori 2019) (D) . The key strains that allowed the authors to make this conclusion included a tgrB1 -; tgrC1double-null strain in the AX4 genetic background, and several double gene replacement strains in which the authors replaced the resident tgrB1 and tgrC1 pair with an allelic pair derived from either wild-type AX4 cells or the wild isolates QS4 or QS38. The authors fluorescently labeled each strain, grew the cells separately, and developed them in pairwise mixes. The tgrB1 -; tgrC1strain demonstrated developmental phenotypes similar to those of tgrB1 -. Each of the complemented strains exhibited normal development in a pure population, showing that a matching pair of alleles was sufficient for self-compatibility. However, they demonstrated different segregation patterns when mixed equally with AX4 cells (Fig. 1C ). The tgrB1 AX4 ; tgrC1 AX4 strain could coaggregate with wild-type AX4 cells as expected. However, both tgrB1 QS4 ; tgrC1 QS4 and tgrB1 QS38 ; tgrC1 QS38 strains segregated from AX4, as well as from each other. In turn, the tgrB1 QS4 ; tgrC1 QS4 and tgrB1 QS38 ; tgrC1 QS38 strains could each co-aggregate and complete development when mixed with the wild strain that possessed matching tgrB1 and tgrC1 alleles. These results support the conclusion that tgrB1 and tgrC1 are necessary and sufficient in an exclusive manner for allorecognition. The authors also confirmed that strain segregation is a product of differential adhesion. Lastly, they tested whether allorecognition was attractive or repulsive by generating merodiploid strains that possess two allelic pairs of tgrB1 and tgrC1 genes from separate genetic backgrounds (e.g. tgrB1 AX4 ; tgrC1 AX4 ; tgrB1 QS4 ; tgrC1 QS4 ) and mixing them with strains with a single matching or non-matching allelic pair. They found that these merodiploid strains could co-aggregate with any strain with which they shared an allelic pair of tgrB1 and tgrC1 genes. This finding suggests that allorecognition is attractive rather than repulsive. The merodiploid strains did not co-aggregate with strains that contained an incompatible allelic pair, which suggests that the merodiploid strains are not promiscuous (Hirose et al., 2010) .
Mechanistic insights into tgrB1 and tgrC1 functions in the separable processes of allorecognition and development
In two related studies, the Siu lab explored the biochemical interactions between TgrB1 and TgrC1. In the first study, Chen et al. showed that TgrB1 and TgrC1 bind heterophilically. The authors also demonstrated that addition of anti-TgrB1 antibodies to dissociated postaggregative cells can inhibit reaggregation, like anti-TgrC1 antibodies in previous work (Geltosky et al., 1979) . Finally, the authors mapped the sites of interaction between these two proteins to short runs of amino acids in the TIG3 domain of TgrB1 and the TIG2 domain of TgrC1 (Chen et al., 2013) . In a later study, the authors further characterized the TgrB1-TgrC1 interaction. Their results suggest a model of interaction in which transmembrane TgrC1 proteins spontaneously dimerize on the membrane of individual cells, i.e. cis-homodimerize. Next, these TgrC1 cis-homodimers bind TgrB1 proteins on an adjacent cell, i.e. trans-interact, which leads to cis-homodimerization of TgrB1 in the adjacent cell. This cis-homodimerization of TgrB1 then induces clustering of TgrB1 and TgrC1 into large adhesion complexes comprised of many trans-interacting, cis-homodimerized TgrB1 and TgrC1 proteins (Chen et al., 2014) (Fig. 1D) .
Hirose et al. showed that the allorecognition system imposes a general gating step on developmental progression. They made this discovery by following individual cells in the context of a rotating mound and comparing the behaviors of rare allotype-incompatible individuals to the behaviors of control cells of a different allotype in the same population. Using this setup, the authors demonstrated that these minority, allotype-incompatible cells fail to polarize, to exhibit coordinated movement with the rotating aggregate of majority cells, and to differentiate into prespore and prestalk cell types. They also found that both majority and minority cells' responsiveness to cAMP gradients decreases during the transition from streaming aggregation to mound formation. Lastly, consistent with previous work, they showed that cell-cell contact is required for cell type differentiation because there is a critical cell density below which contact and differentiation do not occur (Kay 1987; Hirose et al., 2015) .
Shortly thereafter, Gruenheit et al. demonstrated that the tgr locus, which comprises tgrB1, tgrC1, and their shared promoter region, constitutes a polymorphic green-beard locus (Gruenheit et al., 2017) , i.e. the polymorphism of the tgr locus provides the requisite genetic diversity to selectively confer fitness benefits to conspecifics that express the same alleles. Researchers of most other green-beard loci, such as the ids genes of Proteus (Cardarelli et al., 2015) and yeast flo1 (Smukalla et al., 2008) , have not demonstrated this aspect of green-beard function, which is likely crucial for controlling cheating (Jansen and Baalen 2006). To our knowledge, the only other known polymorphic green-beard is traA, which affects cooperative swarming motility in M. xanthus (Pathak et al., 2013) . However, traA's overall effects on fitness remain somewhat unclear (Wielgoss et al., 2018) . To demonstrate that tgr is a polymorphic green-beard, the authors determined the segregation patterns of 20 D. discoideum strains, and found that about 80% of them exhibit some amount of segregation. They determined that segregation patterns do not correlate with the overall genetic distance between the strains, but do correlate with the allelic similarity of the tgr locus. They expressed and purified from bacteria the TgrB1 and TgrC1 proteins from each of four representative strains, and showed that the strength of binding between TgrB1 and TgrC1 pairs correlates with the degree of segregation. Finally, they demonstrated that forced developmental chimerism imposes a higher fitness cost on pairs of strains that would normally segregate than on pairs that would normally co-aggregate in the form of diminished distances of slug migration (Gruenheit et al., 2017) .
Hirose et al. confirmed and extended Gruenheit et al.'s experiments that demonstrated the binding specificity between matching pairs of TgrB1 and TgrC1. To ensure proper glycosylation, the authors expressed in D. discoideum the extracellular domains of each protein pair from five additional strains. They mixed them and observed binding exclusively between matching pairs. Additionally, they built on their previous experimental setup (Hirose et al., 2015) to suggest that TgrB1 acts cell-autonomously as a receptor, and TgrC1 acts non-cell-autonomously as TgrB1's ligand. They further supported these arguments by exploring the properties of TgrB1's cytoplasmic tail, dynamic phosphorylation state, and several dominant mutations. Li et al. had previously identified these dominant mutations in a chemical mutagenesis screen for mutations that suppressed the lack of sporulation of a parental strain with non-compatible tgrB1 and tgrC1 alleles (tgrB1 AX4 ; tgrC1 QS38 ) (Li et al., 2016) . Hirose et al. determined that these dominant alleles of tgrB1, which encode amino acid changes in both the cytoplasmic tail and the extracellular domain, contain activating, gain-of-function mutations. Strains that possess one of these tgrB1 alleles do not require tgrC1 to differentiate and complete development (Hirose et al., 2017) .
Results from two studies suggest that the dual functions of tgrC1 in development and allorecognition are separable. In the first, Wang and Shaulsky performed a REMI screen for suppressors of the sporulation defect of tgrC1cells, and isolated a mutant called stcA ins (suppressor of tgrC1 -), which encodes a putative protein of 557 amino acids that lacks distinctive features. They found that while stcA ins does modulate sporulation efficiency and thus development of tgrC1cells, it does not affect allorecognition (Wang and Shaulsky 2015) . In the second study, Li et al. characterized another suppressor of the tgrC1sporulation defect in the form of a null allele of alg9, which encodes a putative mannosyl transferase involved in N-linked protein glycosylation. This mutation partially complements the sporulation defect of tgrC1and tgrB1 AX4 ; tgrC1 QS38 strains, but similarly to stcA ins , does not affect allorecognition (Li et al., 2015) .
Fujimori et al. provided evidence that TgrB1 and TgrC1 adhesion complexes interface with the actin cytoskeleton. The authors demonstrated that these adhesion complexes exhibit juxtacrine signaling from TgrC1 located at a leading cell's tail to TgrB1 located at a following cell's front. They showed that this interaction results in SCAR complex recruitment and dendritic actin formation at the front of the following cell. They also documented a difference in the responsiveness of prestalk versus prespore cells to the competing chemotactic input of a cAMP gradient. They demonstrated that prestalk cells tend to orient toward cAMP, while prespore cells tend to orient toward tgr-mediated cell-cell contacts. This observation may account for the sorting of prestalk and prespore cells in the developing mound. While they did not examine juxtacrine signaling interactions in multiple allotypes, these interactions may play a role in allorecognition by influencing segregation between allotypeincompatible strains (Fujimori et al., 2019;  Fig. 1D ).
The role of allorecognition in D. discoideum social evolution
Ho et al. showed that D. discoideum's allorecognition system can protect cooperating strains from cheating strains. The authors accomplished this by determining the fitness costs in terms of spore production between several strains that differed only in their tgr allotypes and their ability to cheat, as conferred by loss of function of fbxA. They demonstrated that compared to allotype-compatible strains, allotype-incompatible strains incur decreased fitness costs when they are co-developed with a cheating strain. They also showed that this protection depends on the allotype-incompatible strain's ability to segregate from the cheater. The threat of cheating may thus drive an evolutionary arms race between cheating and allorecognition. That possibility, and the vast genetic potential for cheating, could account for the high degree of polymorphism found in the tgr locus (Ho et al., 2013) .
Ho and Shaulsky went on to define a mechanism by which D. discoideum utilizes temporal regulation of allorecognition to maximize the benefits and reduce the costs associated with chimerism. The authors found that when rare allotype-incompatible cells are mixed with a majority of cells of a different allotype, these rare cells are initially excluded from aggregates, but can ultimately join slugs and form spores. They also demonstrated that cheating is generally suppressed during later development. These observations suggest that temporal regulation of allorecognition enables strains to avoid some of the costs of chimerism by segregating during late aggregation, a critical period for cell-type differentiation and the threat of cheating. It then enables the benefits of chimerism, such as prolonged slug migration and increased spore dispersal, to accrue by rendering the allorecognition system nonfunctional during later development (Smith et al., 2014; Foster et al., 2002; Ho and Shaulsky 2015) . Jack et al. phenomenologically tested and confirmed several of these predictions (Jack et al., 2015) .
Prospects in D. discoideum allorecognition research

Co-evolution of tgrB1 and tgrC1
TgrB1 and TgrC1 protein sequences can be quite different between different strains, with up to 13% differences in the amino acid sequences of the extracellular domains. Nevertheless, an organism that carries incompatible tgrB1 and tgrC1 alleles is unable to develop properly. These findings suggest that tgrB1 and tgrC1 must co-evolve somewhat rapidly, potentially even over single organismal lifetimes, as occurs at the genomic level in adaptive immunity (Hille et al., 2018; Rock et al., 2019) and the level of gene expression in neural self-avoidance (Jin and Li 2019). Several potential mechanisms may explain the rapid co-evolution of tgrB1 and tgrC1. First, there is evidence of duplication of the polymorphic tgrB1-tgrC1 locus, but not of the tgrD1-tgrE1 locus, which is similar to the tgrB1-tgrC1 locus but is not polymorphic (Benabentos et al., 2009) . Because the allorecognition system is inclusive (Hirose et al., 2010) , a duplication event that results in two copies of tgrB1 and tgrC1 might allow cells harboring these multiple alleles to retain cooperative aggregation and differentiation with their parental strain, while relaxing the selective pressure on one of the allelic pairs. Alternatively, incurring a dominant, gain-of-function allele of tgrB1 obviates the need for tgrC1, which could also temporarily relax selective pressure and drive co-evolution. The frequencies and significance of these candidate mechanisms remain to be studied.
Screening and selection methodologies for direct assessment of allorecognition
To date, the screening methodologies for allorecognition, which include both REMI and chemical mutagenesis to introduce mutations Shaulsky 2015, Li et al., 2016) , have not directly assessed this process. Instead, they have used as a proxy the suppression of the deficient fruiting body formation in parental tgrC1or tgr-mismatched strains. These screens have demonstrated that the segregation of allotype-incompatible strains is separable from the developmental defects that arise from perturbations of the tgr locus. However, this realization highlights the need for highthroughput methodologies to directly assess strain segregation. Such methodologies may shed light on the extent to which these dual functions are interrelated. These methodologies may also clarify whether the allorecognition pathway represents a step in a dependent sequence that ultimately leads to cell-type differentiation and developmental progression, or if the pathway instead plays a direct role in these processes.
Allorecognition in a broad ecological context
Several studies have expanded the measures of fitness that allorecognition may affect. In particular, Wolf et al. demonstrated a general fitness tradeoff between spore production and spore viability (Wolf et al., 2015) . Additionally, Dubravcic et al. described cells called 'loners' that do not aggregate or participate in the formation of multicellular fruiting bodies, but thrive if a food source is reintroduced. These authors showed that strains differ in their allocations to this cell type based on nutritional and genetic factors, as well as the presence of co-aggregating strains (Dubravcic et al., 2014) . Several authors have used computational modeling to demonstrate that these observations invalidate the assumption that differences in strains' relative contributions to spores when they are developed as chimeras necessarily arise from cheating. Measuring spore parameters and loners is thus essential for assessing cheating. They suggest that altruism, cheating, and losing can only be defined within this broader appreciation of ecological context (Tarnita et al., 2015; Martinez-Garcia and Tarnita 2016; Tarnita 2017) . How the allorecognition system operates within this broader ecological context remains to be studied.
Do other selective pressures influence the evolution of allorecognition?
Although the available evidence suggests that developmental cheating represents a primary selective force acting on the allorecognition system, other unidentified selective forces may also be at play. One potential additional selective force could derive from findings that some strains of D. discoideum carry bacteria throughout multicellular development (Brock et al., 2011) , that the identities of the carried bacteria differ between strains (Haselkorn et al., 2018) , and that the carried bacteria may both help and harm the amoebae (Brock et al., 2011 , DiSalvo et al., 2015 . In this context, allorecognition could potentially act as a mechanism for both sharing beneficial bacteria and limiting the transmission of harmful bacteria.
Generality of allorecognition in other dictyostelids
Several studies of allorecognition in other dictyostelids have been published (Mehdiabadi et al., 2006; Kalla et al., 2011; Sucgang et al., 2011; Sathe et al., 2014;  Hayakawa and Inouye 2018), but their collective findings only begin to address the generality of allorecognition among dictyostelids and the extent of conservation of tgr-related mechanisms. Interestingly, Hayakawa and Inouye demonstrated that heterologous expression of the D. purpureum homologs of tgrB1 and tgrC1 in D. discoideum is sufficient for cooperative development to occur in mixes of D. purpureum and the engineered D. discoideum strain. They also found that pairs of tgr genes exist only within a clade of dictyostelids that produce prestalk cells, which may indicate concurrent evolution of allorecognition and the prestalk cell fate (Hayakawa and Inouye 2018). Curiously, tgrC1 is expressed preferentially in prestalk cells during the slug stage, even though it is expressed rather equally in all cells during late aggregation, whereas tgrB1 does not exhibit strong cell-type preference.
The inclusive nature, pleitropy, and temporal regulation on display in Dictyostelium allorecognition inform the study of other allorecognition systems
The study of Dictyostelium allorecognition has produced many insights that likely apply to cellular allorecognition systems as a whole. One broadly significant insight is that allorecognition systems may often mediate continuous and inclusive traits. In this context, we define a continuous trait as one that yields a spectrum of interaction between strains (e.g. more or less segregation), as opposed to a binary interaction (e.g. segregation or no segregation). We define an inclusive trait as a beneficial interaction between strains that depends only on the presence of a compatible allotype and is not abolished by the presence of additional incompatible allotypes in any of the strains in question. Characterizations of allorecognition systems tend to focus on easily observable, binary, and exclusive outcomes, but in the case of Dictyostelium, segregation biases strains toward clonal development, rather than constraining them to it. Additionally, the inclusive nature of the system provides potential mechanisms by which it may evolve rapidly in response to selective pressure. The development of experimental setups that allow quantitative determinations of continuous traits related to allorecognition and their genetic underpinnings in other organisms may represent a worthwhile investment in understanding both the immediately relevant traits as well as their evolutionary origins and maintenance.
Another probably often overlooked consideration is that genes associated with allorecognition not only are often pleiotropic in general, but pleiotropic in specific ways that constrain cheating behavior in and of themselves. That loss of function of tgrB1 and/or tgrC1 results in diminished sporulation efficiencies in both clonal and chimeric development provides an example of this phenomenon. Another example of this specific form of pleiotropy that is present in Dictyostelium, but may be independent of allorecognition, is loss of function of dimA. This perturbation causes cells to ignore the signaling molecule DIF-1, which induces prestalk cell differentiation, but concomitantly results in the cells' exclusion from spores (Foster et al., 2004) .
Another general insight from D. discoideum allorecognition is the importance of temporal regulation of allorecognition systems in maximizing the benefits and minimizing the costs associated with cooperative and competitive behaviors. Several studies document temporal regulation of allorecognition in other organisms, which suggests that it may be widespread (Wilson and Grosberg 2004; Hughes et al., 2004; Downs and Ratnieks 2000) . In turn, proper understanding of the significance of temporal regulation requires detailed and comprehensive evaluation of fitness measures, which are sorely lacking in many models of allorecognition.
These insights paint Dictyostelium allorecognition as an important example of a continuous, inclusive trait whose genetic determinants demonstrate exquisite pleiotropy and temporal regulation, and whose impact on organismal fitness requires careful consideration of ecological context.
